The complex magnetic susceptibility χ(f) = χ'(f) -i χ"(f), of a ferrofluid sample with magnetite particles dispersed in kerosene and stabilized with oleic acid, over the range 0.1 GHz to 6 GHz, was determined. The initial sample has been successively diluted with kerosene (with a dilution rate of 2/3), thus obtaining further three samples. Using the complex magnetic susceptibility measurements of each sample, the frequency field and particle concentration dependencies of the heating rate of the ferrofluid samples, were analyzed. The results show the possibility of using the heating rate of ferrofluid samples with different particle concentrations, in hyperthermia applications.
Introduction
Ferrofluids are stable colloidal systems consisting of single-domain magnetic particles dispersed in a carrier liquid [1] . In order to prevent agglomeration, the magnetic particles are coated with a surfactant. These systems have been the subjects of many research studies, both for applications and for fundamental research because their properties can be controlled during the manufacturing process [2] . The properties of ferrofluids or the properties of the magnetic particles within of ferrofluids can be investigated by the dilution series method used in different type of measurements [3 -5] . For the characterization of a ferrofluid sample in static magnetic field, the saturation magnetization (M ∞ ), the magnetic diameter (d m ) of particles and the particles concentration (n) from the ferrofluid sample must be experimentally determined by means of magnetization curve measurement in a similar manner as is described in [6] . Generally, the dynamic properties of ferrofluids (relaxation processes and ferromagnetic resonance) can be evaluated using the complex magnetic susceptibility measurements into a wide frequency range [7] [8] [9] [10] . Due to the interaction of the variable 82 magnetic field with the ferrofluid, energy absorption occurs [11] . Following, the ferrofluid is heated and the heating rate is given by the practical equation proposed in [12] :
In Eq. (1), ∆T is the increase in temperature; ∆t is the heating time interval; c L and ρ L are the specific heat and the density of the basic-liquid of the ferrofluid; c S and ρ S are the specific heat and the density of the solid fraction of the ferrofluid; φ is the volume fraction of the ferrofluid and p is the specific power dissipation in ferrofluid [10] [11] [12] , being computed with the following equation:
In Eq. (2), H 0 is the amplitude of the magnetic field; f is the frequency of the applied field; μ 0 is the free-space permeability; and χ '' is the imaginary component of the complex magnetic susceptibility of the ferrofluid.
In this paper, using the complex magnetic susceptibility measurements in the frequency range between (0.1 -6) GHz, we have investigated the frequency and particle concentration dependences of the heating rate of the ferrofluid samples.
Samples and experimental
The initial sample was a ferrofluid denoted S1, with magnetite particles dispersed in kerosene and stabilized with oleic acid. Starting from the initial ferrofluid S1, three samples denoted S2, S3 and S4 were obtained by successive dilution with kerosene at a dilution ratio 2/3.
The static magnetization measurements were performed using an inductive method [13] .
From the static measurements, a Langevin type dependency [1] of the magnetization M on the magnetic field H was observed for the investigated samples. Based on the M(H) dependencies and using the Chantrell method [14] for the magneto-granulometric analysis, the saturation magnetization of the ferrofluid (M  ), the concentration of particles (n) and the average magnetic diameter of particle (d m ) were determined. It is known that M  does not depend on the interactions between particles or possible particle agglomerations within the ferrofluid sample [1] . Therefore, the values of the saturation magnetization of the ferrofluid samples are the values which were determined from the static measurements and magneto-granulometric 83 analysis. The following results were obtained:
The saturation magnetization of a ferrofluid, M , is correlated with the spontaneous magnetization of the bulk material from which the particles originate M S , by the relation:
where m  represents the magnetic volume fraction of the particles from the ferrofluid which is correlated with the volume fraction,  by the following relation [1, 12] :
where  is the thickness of the surfactant layer (
On the other hand, due to the interactions between the particles or to the possible particle agglomerations from the ferrofluid sample, the average magnetic diameter of particles The measurements of the complex magnetic susceptibility in the frequency range between 0.1 GHz to 6.0 GHz were made by means of the short-circuited coaxial transmission line technique [15] , by using a HP 50Ω coaxial line incorporating a coaxial cell, in conjunction with a network analyzer (HP 8753C type) [15] . 84 
Results and discussions
The frequency dependence of the real ( ) and imaginary (    ) components of the complex magnetic susceptibility in the frequency range between 0.1 GHz to 6.0 GHz at different particle concentrations (n) in the ferrofluid samples is shown in figure 1 . . In figure 2 it is shown the frequency and particle concentration dependence of the specific loss power (p) for the investigated samples.
85 Fig. 2 . The frequency and particle concentration dependence of the specific loss power for ferrofluid samples
As can be observed from figure 2, the specific loss power p, has a maximum at a frequency f max , for all the particle concentrations from the ferrofluid samples. By decreasing the particle concentration, f max is moving towards smaller values. 
In figure 3 it is shown the frequency and particle concentration dependence of the heating rate of the ferrofluid samples. From figure 3 it is observed that the heating rate shows a maximum for all samples at frequencies which are found in the range (1-2) GHz, depending on the concentration of the particles. The maximum amplitude of the heating rate increases by increasing the concentration of particles due both of specific power (p) and frequency f of the electromagnetic field (see Eq. 2). This result may provide an opportunity to control the heating rate ( t T   / ) through the particle concentration of the ferrofluid with applications in hyperthermia. As can be observed from figure 4 , the increase in temperature (∆T) has a linear dependence on time (t), the greater the slope of the line the higher the particle concentration of ferrofluid. Also, from figure 4 a) and b), it can be observed that ∆T depends on the field frequency. Thus, in a microwave field with an amplitude of 1A/m, for sample S1 (with the largest particle concentration) at f=2 GHz and an application time of the variable 87 electromagnetic field of t=200 s, the increase in temperature (∆T) is 0.35 K, while at f=1
GHz, for the same sample S1 and the same time duration (200 s), the increase in temperature is only 0.22 K. This is due to the fact that the absorption of the specific power from the microwave field is greater at higher frequencies and larger concentration of particles (see fig.   4 ). The results presented in figure 4 show that the same value of the increase in temperature can be achieved using a diluted ferrofluid, only if it is subjected for a longer time to the microwave field. Also, if the amplitude of the magnetic field H 0 increases 5 times (easily obtained in practice) the specific loss power, computed with eq. (2) increases 25 times. As a result, the heating rate of the ferrofluid increases and therefore ∆T (see fig. 4 ) will increase 25 times. Thus, for sample S1 the increase in temperature (∆T) is 8.75 K (at f=2 GHz and t=200 s) and 5.5 K (at f=1 GHz and t=200 s). These results can be used in magnetic hyperthermia applications.
Conclusions
In this paper starting with a ferrofluid sample with magnetite particles dispersed in Based on the complex magnetic susceptibility measurements, the frequency and particle concentrations dependencies of the heating rate of the ferrofluid samples were analyzed. The heating rate presents a maximum for all samples at specific frequencies placed in the range (1-2) GHz, depending on the concentration of the particles.
The increase in temperature (∆T) has a linear dependence on time (t) and it depends on the field frequency and on the particle concentration of ferrofluid. The results show that in a diluted ferrofluid, the same value ∆T can be obtained as in a more concentrated ferrofluid, only if it is subjected to the microwave field for a longer time.
The obtained results suggest the possibility to control the heating rate ( t T   / ) of a ferrofluid in a microwave field by changing the particle concentration of the ferrofluid with applications in magnetic hyperthermia.
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